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Abstract: There is increasing interest in using pyrogenic carbon as an adsorbent for aqueous
contaminants in stormwater. The objective of this study was to investigate pyrogenic carbon
materials as an amendment to geomedia to reduce nitrate leaching. Batch adsorption and column
experiments were conducted to evaluate the performance of a commercial activated carbon and two
biochars incorporated (5% by weight) into sand and pumice columns. The batch adsorption with
50 mg L−1 of nitrate solution showed that only activated carbon resulted in a substantial adsorption
for nitrate up to 41%. Tested biochars were not effective in removing aqueous nitrate and even
released nitrate (<1%) with 1 h reaction time. Column experiment with a pulse input of nitrate
solution (50 mg L−1 ) confirmed that the sand or pumice columns amended with biochars were
not as effective as those amended with activated carbon for reducing nitrate leaching. Our results
suggested that net negatively charged surfaces of biochar may inhibit nitrate anion adsorption
while activated carbon has reactive sites containing acidic functional groups to improve nitrate
retention. There was no difference between sand and pumice for nitrate retention in any of the carbon
amendments. Additional surface activation process during biochar production may be needed to
improve adsorptive capacity of biochar for aqueous nitrate removal.
Keywords: activated carbon; adsorption; biochar; bioswale; nitrate; pumice

1. Introduction
Urban stormwater has become an important source of nitrogen (N) to receiving waters [1]. Excess
N inputs to aquatic ecosystems can cause overstimulation of aquatic plant and algae growth, leading
to eutrophication [2]. Excessive nitrate (NO3 − ) in drinking water can cause critical health issues in
young infants and young livestock such as blue baby syndrome [3]. The United States Environmental
Protection Agency (USEPA) has set the Maximum Contaminant Level (MCL) of nitrate-nitrogen
(NO3 -N) at 10 mg L−1 (=44.2 mg NO3 − L−1 ) for the safety of drinking water.
Conventionally aqueous nitrates can be removed via biological and/or physicochemical
methods [4,5]. A physicochemical method viable to stormwater nitrate reduction is the addition
of adsorptive materials into existing and new porous media. Activated carbon (AC) has been the most
common adsorptive material in water and wastewater treatments but it remains to be expensive [6,7].
Recently biochar has been viewed as a low-cost sorbent for remediating soil and water media
contaminated with organic and inorganic contaminants [8,9]. Biochar is a charcoal derived from the
thermal conversion of a wide range of biomass materials such as wood, grass, and other agricultural
and forestry residue via pyrolysis. When the resulting biochar is applied to soils, the carbon can be
effectively sequestered while improving soil structure and fertility [10]. Reducing leaching of nutrients
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products. All carbon materials were analyzed for pH (1:80 solid to solution ratio) using a pH meter
pH meter (Extech Instruments, Waltham, MA, USA) and elemental composition via Energy(Extech Instruments, Waltham, MA, USA) and elemental composition via Energy-dispersive X-ray
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Figure 2. Pyrogenic carbon materials tested in this study.

Figure 2. Pyrogenic carbon materials tested in this study.
Table 1. pH and elemental composition (weight %) of pyrogenic carbon materials

Material
pH C(weight
(%) O (%)
(%) Al (%)
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0
O (%)
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0

1.6
0
Fe (%)
0

11.6
13.3
10.2

13.7
0
0
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0
0

Batch sorption experiments were conducted in 50-mL centrifuge tubes at room temperature.
Nitrate solution was prepared in deionized (DI) water containing 50 mg L−1 as potassium nitrate
(KNO3). The
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2.3. Column Experiment
A total of 16 columns (metal cylinder in 7.62-cm diameter by 7.62-cm depth) were packed to a
depth of 4.56 cm with sand or pumice. Sixteen columns corresponded to our experimental treatments
consisting of two geomedia and four different carbon amendments, including control in duplicates.
During our initial trials, maximum amounts of sand and pumice needed for packing the columns
(i.e., control columns) were determined to be 318 g and 165 g, respectively. These given amounts
were determined to have a bulk density of 1.67 g cm−3 for sand columns and 0.86 g cm−3 for pumice
columns. Sand or pumice with and without carbon amendment (5% by weight) was dry-packed
into the columns (Table 2). The bottom of each column was covered with cheese cloth to prevent the
geomedia loss.
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Table 2. The amount of geomedia used for column packing with and without carbon amendment
(5% by weight).
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Sand or Pumice (g)

Amendment (g)

Table 2. The amount of geomedia used for column packing with and without carbon amendment (5%
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Only AC had ability to adsorb nitrate up to 41% (Figure 3) while biochars showed none
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It is often claimed that biochar can be used as a soil amendment to retain nutrients in soils [16,17].

It
is often the
claimed
that
biochartested
can be
usedstudy
as a showed
soil amendment
to retain
soils in
[16,17].
However,
biochar
materials
in this
no adsorption
(evennutrients
release) ofinnitrate
a batch-scale
experiment.
result
is instudy
agreement
with
et al. (2012)
foundoflimited
However,
the biochar
materialsOur
tested
in this
showed
noYao
adsorption
(evenwho
release)
nitrate in a
adsorption
of nitrateOur
(<4%)
onto is
biochars
made from
such
as sugarcane
batch-scale
experiment.
result
in agreement
withvarious
Yao et feedstock
al. (2012)materials
who found
limited
adsorption
bagasse,
peanut
hull,
pepperwood,
and
bamboo
[18].
In
general,
biochars
were
found
to
be
of nitrate (<4%) onto biochars made from various feedstock materials such as sugarcanemore
bagasse,
effective at removing cationic species from solution as most biochars were found to have a net
peanut
hull, pepperwood, and bamboo [18]. In general, biochars were found to be more effective at
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removing cationic species from solution as most biochars were found to have a net negative surface
charge [15]. While both AC and biochars have carbonaceous materials as feedstock materials and
convert them to stable carbon through pyrolysis, AC typically receives an additional activation process
where it undergoes oxidation to increase adsorptive capacities [19].
It is
important to note that feedstock materials for the biochars were plant-based while
the AC
Environments 2017, 4, 70
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elemental composition (Table 1), indicating mineral inclusion of Fe and Al and possibly leading to
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3.2. Nitrate
Leaching
in Column
Experiment
the higher
turbidity
by eluting
fine
suspended solids from pumice and the carbon materials. The pH
values in column
7.6 were
to 8.73- and
the columns
with WB
showed
the
Overall effluents
turbidity inranged
effluentfrom
samples
to 4-times
greater inamended
pumice columns
(17 to
27
compared
sand columns
to 7 NTU)
(Table 3).ash
Coarse
grains
pumice were likely to
highestNTU)
pH (7.9
to 8.7),toindicating
the (5
presence
of mineral
in the
WBin[22].
contribute
to theinput
higher
by eluting
from in
pumice
andeffluents
the carbon
1 ), nitrate
Under
the pulse
of turbidity
nitrate solution
(50fine
mgsuspended
NO3 − L−solids
column
increased
materials. The pH values in column effluents ranged from 7.6 to 8.7 and the columns amended
with
−
1
with nitrate solution throughput (leaching event 1–5 in Figure 4) up to 11 mg L in both sand and
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Table 3. Average pH and turbidity (mean ± standard error) in column effluents over the entire
leachingTable
events.
3. Average pH and turbidity (mean ± standard error) in column effluents over the entire
leaching events
Column a

pH

Turbidity (NTU)

Column a
pH
Turbidity (NTU)
Sand only
7.84 ± 0.18
Sand only
7.84
± 0.18
7.29 ± 0.85 7.29 ± 0.85
Sand + AC
7.92 ± 0.06
5.38 ± 0.59
7.92
± 0.06
5.38 ± 0.59 7.43 ± 0.56
Sand + HB Sand + AC
7.93
± 0.08
7.93
± 0.08
7.43 ± 0.56 7.35 ± 1.72
Sand + WB Sand + HB
8.73
± 0.16
Pumice onlySand + WB
7.60
± 0.08
8.73
± 0.16
7.35 ± 1.72 23.86 ± 5.57
Pumice + AC
7.50
± 0.06
Pumice only 7.60
± 0.08
23.86 ± 5.57 24.61 ± 4.22
Pumice + HB
7.58 ± 0.05
26.80 ± 3.80
Pumice + AC 7.50
± 0.06
24.61 ± 4.22 17.41 ± 2.46
Pumice + WB
7.91 ± 0.17
Pumice + HB 7.58 ± 0.05
26.80 ± 3.80
a AC = activated carbon; HB = Hoffman biochar; WB = Wakefield biochar.
Pumice + WB 7.91 ± 0.17
17.41 ± 2.46
AC = activated carbon; HB = Hoffman biochar; WB = Wakefield biochar.
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Cumulative amount of nitrate leached (Figure 5) showed a clear separation of AC-amended sand
Cumulative amount of nitrate leached (Figure 5) showed a clear separation of AC-amended sand
or pumice geomedia being the lowest (3.6 to 4 mg as NO3− − ) after the entire leaching event. In both
or pumice geomedia being the lowest (3.6 to 4 mg as NO3 ) after the entire leaching event. In both
sand and pumice columns, HB resulted in higher nitrate leaching (6.3 mg) than control columns
sand and pumice columns, HB resulted in higher nitrate leaching (6.3 mg) than control columns (5.2–
(5.2–5.3
mg)while
while
WB-amended
columns
showed
similarofamount
of nitrate
with control
5.3 mg)
WB-amended
columns
showed
similar amount
nitrate leached
withleached
control columns.
columns.
The
higher
amount
of
nitrate
leached
from
the
columns
amended
with
HB
was
in
The higher amount of nitrate leached from the columns amended with HB was in agreementagreement
with
with the
thegreater
greaterrelease
release
nitrate
from
batch
adsorption
(Figure
3). There
no substantial
difference
ofof
nitrate
from
batch
adsorption
(Figure
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was nowas
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in
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betweensand-only
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4. Conclusions

Results in this study suggested that sand and pumice geomedia amended with biochars (5% by
Resultswere
in this
suggested
thatamended
sand and
pumice
geomedia
with
biochars
(5% by
weight)
notstudy
as effective
as those
with
AC. The
presenceamended
of Fe and Al
in the
AC was
weight)
were
not as effective
as those possibly
amended
with AC.
Thecomplexation
presence of to
Fesome
and Al
in the
AC was
likely
to promote
nitrate adsorption
through
surface
extent.
There
likelywas
to promote
nitrate
adsorption
possibly
surface
complexation
to some
extent.types.
There was
no substantial
difference
between
sandthrough
and pumice
columns
in all carbon
amendment
Our studydifference
indicated that
net negatively
may be attributed
thestudy
no substantial
between
sand andcharged
pumice surfaces
columnsofinthe
all biochars
carbon amendment
types.toOur
poor
adsorption
of
nitrate
anion
due
to
electrostatic
repulsion.
To
improve
its
efficacy
for
aqueous
indicated that net negatively charged surfaces of the biochars may be attributed to the poor adsorption
nitrateanion
removal,
process
during biochar
production
is desirable
create acid
functional
of nitrate
dueantoadditional
electrostatic
repulsion.
To improve
its efficacy
fortoaqueous
nitrate
removal,
groups (which have a positive charge) that can protonate surface –OH group in biochars [23,24]. It is
an additional process during biochar production is desirable to create acid functional groups (which
important to note that while biochar may not be effective in reducing nitrate leaching, it can provide
have a positive charge) that can protonate surface –OH group in biochars [23,24]. It is important to
other benefits such as increasing the N use efficiency by plants and decrease nitrous oxide (N2O)
note emission
that while
biochar may not be effective in reducing nitrate leaching, it can provide other benefits
from N-rich soils. Our study included nitrate only under controlled leaching conditions and
suchfuture
as increasing
the N
use efficiency
plants anions
and decrease
nitrous
(N2applications
O) emission
study should
consider
evaluatingbymultiple
and/or cations
foroxide
the field
of from
N-rich
soils.
Our
study
included
nitrate
only
under
controlled
leaching
conditions
and
future
geomedia amended with pyrogenic carbon materials. In addition, future study investigating thestudy
should
consider
evaluating
multiple
anionsinand/or
cations
for with
the field
of geomedia
synergistic
effect
of the carbon
amendment
geomedia
combined
redoxapplications
condition is needed
to
advance
ourpyrogenic
understanding
of biotic
and abiotic
processes of
nitrate
retention
in stormwater
amended
with
carbon
materials.
In addition,
future
study
investigating
thecontrol
synergistic
effectmeasures.
of the carbon amendment in geomedia combined with redox condition is needed to advance our

understanding of biotic and abiotic processes of nitrate retention in stormwater control measures.
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